Redox mechanisms function in control of gene expression, cell proliferation, and apoptosis, but the circuitry for redox signaling remains unclear. Cysteine and methionine are the only amino acids in proteins that undergo reversible oxidation/reduction under biologic conditions and, as such, provide a means for control of protein activity, protein-protein interaction, protein trafficking, and protein-DNA interaction. Hydrogen peroxide and other reactive oxygen species (ROS) provide a mechanism to oxidize signaling proteins. However, oxidation of sulfurcontaining side chains of cysteine and methionine by ROS can result in oxidation states of sulfur (e.g., sulfinate, sulfonate, sulfone) that are not reducible under biologic conditions. Thus, mechanisms for oxidation that protect against over-oxidation of these susceptible residues and prevent irreversible loss of activity would be advantageous. The present study shows that the steady-state redox potential of the cysteine/cystine couple (E h = -145 mV) in cells is sufficiently oxidized (>90 mV) relative to the GSH/GSSG (-250 mV) and thioredoxin (Trx1, -280 mV) redox couples for the cysteine/cystine couple to function as an oxidant in redox switching. Consequently, the cysteine/cystine couple provides a means to oxidize proteins without direct involvement of more potent oxidants. A circuitry model incorporating cysteine as a redox node, along with Trx1 and GSH, reveals how selective interactions between the different thiol/disulfide couples and reactive protein thiols could differentially regulate metabolic functions. Moreover, inclusion of cysteine/cystine as a signaling node distinct from GSH and Trx1 significantly expands the redox range over which protein thiol/disulfide couples may operate to control physiologically relevant processes.
reductase (Grx1/GSH/GR), and oxidase-linked protein disulfide isomerases (PDI) (1) (2) (3) . The Trx1-and GSH-dependent systems rely upon NADPH for function and generally serve to reduce protein disulfides as well as cysteine sulfenic acid and methionine sulfoxide (4), but they have different activities with different proteins. In contrast, PDIs in the cisternae of the secretory pathway function to introduce disulfides (5) , driven by a flavin-containing, oxygen-dependent system (6) . Additional enzymes (thiol oxidase, sulfhydryl oxidases) oxidize low molecular weight thiols and sulfhydryl groups of proteins (7, 8) . In addition, activation of numerous cytokine and growth factor signaling pathways results in reactive oxygen species (ROS) generation (9) (10) (11) (12) , and a family of NADPH oxidases that produce ROS in signaling of cell growth and angiogenesis has been identified (13) . Although details of how these systems interact remain unclear, accumulating evidence shows that they are part of a signaling network in which reversible oxidation-reduction of protein thiols serve as switches for redox control circuits to regulate antioxidant defenses and specific cell growth and apoptotic pathways.
Change in the steady-state redox of the GSH/GSSG system, a two-electron couple, between rapidly proliferating cells (-250 mV) and differentiated cells (-200 mV) is sufficient to exert control in such pathways through either protein dithiol/disulfide motifs or cysteine residues subject to S-thiylation (14) (15) (16) . The GSH/GSSG redox couple is further oxidized by 30 mV or more during apoptosis (16, 17) , sulfur amino acid starvation (18) , inhibition of GSH synthesis (19) , and exposure to phase II enzyme inducers in differentiated cells (15) . Thus, in agreement with the abundant data implicating GSH in redox signaling, the GSH/GSSG redox couple varies sufficiently to control biologic functions through protein switches.
The redox state of Trx1 is maintained at -270 to -280 mV in proliferating cells (16, 20) and is oxidized little in response to differentiation (16) , apoptosis (21) , or sulfur amino acid deficiency (22) . Thus, despite the common and overlapping biologic functions of the GSH and Trx1 systems, the redox responses of GSH and Trx1 are distinct. Consequently, GSH and Trx1 can serve as independent nodes within the redox circuitry to organize and control redox-switching patterns of different proteins. This character can be viewed in analogy to the electron carriers NADH/NAD + and NADPH/NADP + , which are maintained at different steady-state redox potentials in cells (23) , and used by specific oxidoreductase systems to provide different pathways of electron flow for catabolism and anabolism within the same aqueous compartment.
Studies of human plasma show that the two predominant low molecular weight thiol-disulfide pools, GSH/GSSG and cysteine/cystine (Cys/CySS), are not in redox equilibrium and that the Cys/CySS redox is ~60 mV more oxidized than the redox of GSH/GSSG (24, 25) . This raises the possibility that if Cys/CySS is similarly oxidized in cells, Cys/CySS could provide a third redox node for differential control of the thiol/disulfide redox state of specific proteins.
The purpose of this study was to determine the redox state of cellular Cys/CySS and to determine whether the redox state of this couple is equilibrated with or independent of the redox of the cellular GSH/GSSG couple. Results show that the steady-state Cys/CySS redox in HT29 cells was -145 mV, at least 90 mV more oxidized than the GSH/GSSG pool. GSH/GSSG and Cys/CySS couples were both oxidized during cell differentiation, but to different extents. In contrast, Cys deficiency or inhibition of GSH synthesis specifically oxidized the GSH/GSSG couple without an effect on the Cys/CySS couple, and induction of GSH synthesis in proliferating cells resulted in oxidation of Cys/CySS with little effect on GSH/GSSG redox. The results demonstrate that the cellular Cys/CySS redox couple is independent of GSH/GSSG and sufficiently oxidized to provide an oxidative signal similar to ROS in redox signaling and control. Together with previous data, these findings establish that Cys, GSH, and Trx1 constitute three distinct nodes in the circuitry for thiol/disulfide redox signaling.
MATERIALS AND METHODS

Materials
N-β-Maleimidopropionic acid (BMPA) was from Pierce Chemicals (Rockford, IL). Except as indicated, all other chemicals were purchased from Sigma (St. Louis, MO). Distilled, deionized water was used throughout. HPLC quality solvents were used for HPLC.
Cell culture
HT29 cells, a human colonic epithelial cell line, were obtained from American Type Culture Collection (ATCC; Gaithersburg, MD), and were maintained at 37°C and 95% air, 5% CO 2 in McCoy's 5A complete medium, 10% (v/v) fetal bovine serum, and 5% (v/v) penicillin/streptomycin (Atlanta Biologicals, Atlanta, GA). This medium contains 0.2 mM cysteine, 1.5 mM glutamine, 0.1 mM glycine, and 0.0016 mM GSH. McCoy's 5A Cys-free medium did not contain Cys but was otherwise identical to McCoy's 5A complete medium. For experiments with Cys-free medium, cells were seeded in McCoy's medium on 60 mm plates at 6 × 10 5 cells/plate and maintained for 24 h before changing to Cys-free medium. A small amount of CySS was present under these conditions, estimated to be ~5 µM, due to the inclusion of fetal bovine serum. For buthionine sulfoximine (BSO) experiments, cells were seeded on six-well plates at a density of 5 × 10 5 cells/well and maintained for 24 h before addition of BSO. Under all conditions used in the present study, including incubations in Cys-free medium, cell viability was >99%.
Analysis of GSH and GSSG
Cells were washed once with PBS and immediately treated with 500 µl of ice-cold 5% (w/v) perchloric acid solution containing 0.2 M boric acid and 10 µM γ-Glu-Glu and placed on ice. After 5 min, cells were scraped and transferred into microcentrifuge tubes. Samples were stored at -20°C until derivatization with iodoacetic acid and dansyl chloride and analysis by HPLC with fluorescence detection (14) . Thiols and disulfides were quantified by integration relative to the internal standard (14) . Cellular concentrations were calculated using the measured cell volume (7 µl/10 6 cells; 15). The redox states (E h ) of GSH/GSSG and Cys/CySS were calculated using the Nernst equation with E o adjusted for the measured cytosolic pH (14) .
Statistical analysis
Results are expressed as mean ± SE. Differences were compared across groups and time using one-way or two-way ANOVA, as appropriate. Specific differences between treatments or time and their interactions were compared using Tukey's pairwise comparisons. Differences were considered to be significant when P < 0.05.
RESULTS
Redox state of Cys/CySS in proliferating HT29 cells
The redox state of Cys/CySS was calculated from the concentrations of Cys and CySS in cells using iodoacetic acid and methodology previously validated for GSH and GSSG determinations (14) . Cellular cysteine was determined to be 126 ± 13 µM and cystine was 31 ± 5 µM. The Cys/CySS redox was -145 ± 3 mV, a value considerably more oxidized than the value of -249 ± 2 mV measured for the GSH/GSSG couple under the same conditions ( Table 1) . Because of the large difference between redox states of these two couples, three possible artifacts in determining the Cys/CySS redox state were considered: 1) artifactual oxidation during sampling, 2) carryover of cysteine or cystine from the culture medium during extraction, or 3) sequestration of cysteine or cystine into subcellular compartments so that the total cellular value provided an erroneous measure of the cytosolic pool.
To address the first of these issues, an approach was developed to avoid perchloric acid extraction and to use a thiol-modifying reagent, N-β-maleimidopropionic acid (BMPA), which reacted with thiols at least 20-fold faster than iodoacetic acid (data not shown). The results with the more reactive BMPA were 138 ± 20 µM and 24 ± 5 µM, respectively. The calculated redox state was -151 ± 7 mV, not significantly different from the value obtained with the standard method with iodoacetic acid (-145 ± 3 mV). Values for GSH and GSSG were determined simultaneously and were also similar for the two methods (Table 1) . Thus, the results show that there is not a substantial artifactual oxidation during analysis and that the redox states of Cys/CySS and GSH/GSSG associated with the cell extracts differed by ~100 mV.
To determine the extent of contamination due to carryover of culture medium, cells were cultured for 24 h, medium was aspirated, and cells were washed with phosphate-buffered saline either 0, 1, or 2 times before extraction. Results showed no significant difference in either Cys content or CySS content for these extraction conditions (Table 1) . Calculated redox states for Cys/CySS after one or two washes were ~110 mV more oxidized than corresponding values for GSH/GSSG. Measurements of Cys and CySS concentrations in the culture medium during the first 24 h after medium change showed that these concentrations decrease rapidly so that washes were needed to prevent significant carryover during the first 16 h after medium change (data not shown). Thus, carryover from the culture medium was readily controlled and did not contribute to significant error.
To examine the possibility that the relatively oxidized state of Cys/CySS could be due to CySS sequestration in the secretory pathway (26) or other subcellular compartments, we did experiments with digitonin to selectively permeabilize the plasma membrane (27) . This treatment allows release of cytosolic contents without release of contents from the cisternae of the secretory pathway. Aliquots of digitonin were added, and cells were visually inspected by phase contrast microscopy to obtain conditions providing lysis of 97-99% of the cells. Analysis of thiols and disulfides showed that the fraction released upon treatment with digitonin (cytosolic fraction) was similar to cellular values (Table 1 ). In contrast, the remaining sequestered pools had less cysteine. Calculated cytosolic redox state for Cys/CySS was 10 mV more reduced than the cellular value, but this difference was not statistically significant (Table 1 ). In contrast, the E h for sequestered Cys/CySS was -134 mV, significantly more oxidized than the cytosolic value (Table 1) . No differences were detected for GSH/GSSG pools. Thus, the results show that the sequestered pools do not create a large error in estimation of redox state and therefore establish that Cys/CySS redox is 90-100 mV more oxidized than the GSH/GSSG couple.
Oxidation of Cys/CySS redox during differentiation
Differentiation of human colonic epithelial cells results in a substantial oxidation of the cytosolic GSH/GSSG redox state (15, 16) . To determine whether differentiation induced a similar oxidation of Cys/CySS, we treated HT29 cells with the differentiating agent sodium butyrate. At 48 h after addition of 5 mM butyrate, Cys and CySS concentrations were substantially decreased compared with controls and the E h for Cys/CySS was oxidized by ~30 mV (Fig. 1) . The time course for oxidation of Cys/CySS was delayed relative to GSH/GSSG, and the magnitude of oxidation of Cys/CySS was not as great, but the general patterns of oxidation were similar. Thus, even though the pools are not in redox equilibration, they respond similarly to differentiation.
Cys/CySS redox during Cys deficiency
Culture of HT29 cells in Cys-free medium resulted in a marked decrease in cellular GSH concentration and an associated oxidation of GSH/GSSG couple (18) . To determine the effect of Cys deficiency on Cys/CySS redox, cells were cultured for 48 h in Cys-free McCoy's medium. Results showed a decrease in cellular Cys and CySS concentrations, with little change in Cys/CySS redox (Fig. 2) . Addition of either 100 µM Cys or 50 µM CySS resulted in rapid recovery of redox of the GSH/GSSG couple. However, under these conditions, there was a modest oxidation of the Cys/CySS redox. Thus, under conditions of Cys depletion and recovery, the redox states of Cys/CySS do not change in parallel with that of GSH/GSSG.
Inhibition of GSH synthesis with buthionine sulfoximine (BSO)
To determine whether maintenance of steady-state redox of Cys/CySS was dependent upon cellular GSH, we treated cells with buthionine sulfoximine, an inhibitor of glutamate:cysteine ligase, the first enzyme in the pathway for GSH synthesis. Inhibition of GSH synthesis with BSO caused a marked decline in GSH concentration and an associated 40 mV oxidation of GSH/GSSG redox. Under these conditions, there was no effect on the Cys/CySS redox (Fig. 3) . Thus, in addition to the above data showing that GSH/GSSG and Cys/CySS are not equilibrated, these results show that the redox state of the Cys/CySS couple is not determined by the redox state of the GSH/GSSG couple in HT29 cells. This implies that the redox state of Cys/CySS in cells may be independently regulated and provide a distinct redox couple for signaling and control.
Effect of the GSH synthesis inducer benzyl isothiocyanate (BIT)
BIT is a compound that enhances GSH synthesis and increases GSH concentration in proliferating HT29 cells with only 8-10 mV oxidation of the GSH/GSSG redox couple (15) . Because enhanced Cys utilization for GSH synthesis and/or reaction of Cys with BIT could result in changes in Cys/CySS independently of GSH/GSSG redox, we examined whether BIT treatment altered Cys/CySS redox. Results showed that 25 µM BIT decreased Cys concentration within 15 min of addition, and this decrease was associated with a 25-30 mV oxidation of Cys/CySS that was sustained for 24 h (Fig. 4) . These results show that Cys/CySS redox is considerably more oxidized than the GSH/GSSG redox and that GSH/GSSG redox can be oxidized without effect on the Cys/CySS redox. The finding that Cys/CySS can be oxidized with little effect on cellular GSH/GSSG confirms that the redox state of the Cys/CySS couple is controlled independently of the redox of the GSH/GSSG couple. Given that Cys metabolism and CySS uptake are highly regulated processes, these results show that the Cys/CySS couple should be viewed as a distinct node in the circuitry for redox signaling and control.
DISCUSSION
Previous studies have shown that metabolism and transport of Cys and CySS are regulated. For instance, Cys oxidation (28) and incorporation into GSH (29) are under metabolic regulation, and expression of one of the key transport systems for CySS uptake is under transcriptional control (30) . Moreover, the Cys/CySS redox in plasma is tightly controlled (24) and maintained in the steady state at a value ~60 mV more oxidized than the GSH/GSSG couple (24, 25) . However, no previous estimates of cellular Cys/CySS redox state are available. The current values, ranging from about -160 to -125 mV, show that Cys/CySS redox in cells is considerably oxidized relative to the GSH/GSSG couple. The data further show that a large error due to contamination by extracellular medium or oxidation during extraction does not occur and that differential subcellular compartmentation of CySS can contribute an error of only ~10 mV. Use of previous literature data on Cys and CySS concentrations (31) to estimate Cys/CySS redox state provides a value of -122 mV, confirming the current interpretation that the steady-state redox of Cys/CySS in cells is considerably more oxidized than that for the GSH/GSSG couple. Combined with the recent data showing that GSH/GSSG redox is controlled independently of the Trx1 redox state (16, 20) , the results show that these central thiol/disulfide redox couples can provide three distinct nodes for interaction of redox-sensitive components in cells.
This interpretation is unexpected given the well-known exchange reactions of thiols and disulfides under physiologic conditions. Mammalian cells in culture can grow with CySS even though no enzymes are known that specifically function to reduce CySS. Data of Reed and Beatty (32) provide a possible explanation in terms of thiol-disulfide exchange. Their results showed that hepatocytes could utilize CySS in the culture medium because GSH, which was released from cells, reacted with CySS to generate Cys. While this reaction clearly occurs, a consideration of the rate constants for such chemical reactions reveals that the reaction is slow compared with the rates of Cys metabolism in cells. The apparent thiol-disulfide exchange rate in cells with 3 mM GSH and 30 µM cystine can be estimated to be ~2 µM·min -1 , assuming a second-order rate constant of 20 M -1 ·min -1 (33) . The reaction may be catalytically enhanced by enzymes such as glutaredoxin or Trx (34). Mannervik et al. (35) estimated from in vitro studies that in rat liver, 18% of the total cystine reduction was due to Trx. In their study, the maximal rate of reduction with 3 mM CySS and otherwise physiologic concentrations of reagents was 700 µM·min -1 . If one assumes that the rate is first order in CySS concentration, then the rate of reduction would only be ~7 µM·min -1 with 30 µM CySS in cells (i.e., comparable to the abovecalculated apparent rate of 2 µM·min -1 ). In comparison, the rate of utilization of Cys for net protein synthesis during proliferation in HT29 cells can be estimated from data of Kirlin et al. (15) to be 60 µM·min -1 while the maximal rate of utilization by HT29 cells for GSH synthesis can be estimated from Miller et al. (18) to be ~50 µM·min -1 . This means that maximal Cys utilization is in the range of 100 µM·min -1 , that is, at a rate considerably faster than the expected CySS reduction rate. Thus, the rate of CySS reduction is likely to be relatively slow and, therefore, consistent with the observed displacement of Cys/CySS redox state from that for GSH/GSSG.
Previous research has largely focused on ROS, GSH, and Trx1 as key components of the network for redox signaling and control (Fig. 5) . ROS are diffusible oxidants that can be generated by enzymes such as NADPH oxidases (13) and exert effects through oxidation of specific proteins; such signaling is opposed by Trx1-and GSH-dependent reduction (Fig. 5 ). In the model in Figure 5 incorporating these components, activity of a protein can be switched by either 1) a dithiol/disulfide switch or 2) a thiol/S-thiyl switch, with directionality controlled by coupling to a reduced (Trx or GSH) or oxidized (ROS, O 2 , or CySS) redox node: 1) Pr-SS + reductant → Pr-(SH) 2 ("on" or "off," depending upon protein) Pr-(SH) 2 + oxidant → Pr-SS (activity state reversed from above)
2) Pr-SS-R + R'SH → Pr-SH + RSSR' ("on" or "off," depending upon protein)
Pr-SH + RSSR → Pr-SS-R (activity state reversed from above)
In this model, six different classes of signaling/control proteins can exist in terms of the reductant, oxidant combination: 1, Trx, ROS; 2, Trx, O 2 ; 3, Trx, CySS; 4, GSH, ROS; 5, GSH, O 2 ; and 6, GSH, CySS (Fig. 2) . Peroxiredoxins are reduced by Trx and oxidized by H 2 O 2 and have the character of a class 1 redox signaling protein. Class 4 proteins include some glutathione S-transferases, which have a peroxidase activity that allows for sulfhydryl switching, which could control processes such as binding to JunK. Sulfhydryl oxidases could function in signaling through sulfhydryl switching proteins coupled with either Trx (class 2) or GSH (class 5).
The present results show that oxidation of dithiol moieties by cystine, as well as S-cysteinylation of thiols as shown below, is likely to provide new classes of signaling proteins with Trx (class 3) or GSH (class 6) as a reductant:
PrSH + CySS → PrSS-Cys + Cys (activity "on" or "off") Pr-SS-Cys + GSH → PrSH + CySSG (activity opposite of above).
For S-cysteinylation, CySSG, which is maintained at a very low concentration in cells, would be rapidly removed by reaction with GSH, Trx, or GSSG reductase.
In such a network, Trx1 and Cys/CySS provide boundary conditions for thiol/disulfide redox activity. The redox states of both Trx1 and Cys/CySS are relatively stable to changes in cell growth conditions, with Trx1 being maintained in the range of -280 to -270 mV (16, (20) (21) (22) whereas that of Cys/CySS is maintained in the range of -160 to -125 mV (current research). The redox state of GSH/GSSG lies intermediate to these values, being similar to the Trx1 redox state in rapidly proliferating cells, similar to the Cys/CySS redox state in apoptotic cells, and intermediate between the two in differentiated and growth-arrested cells (14) (15) (16) (17) (18) (19) . Consideration of the redox states of these nodes under different growth and apoptotic conditions means that the same nodes can provide different circuits for redox signaling, effectively providing a contextdependent regulation that can limit proliferative functions to proliferative cells, differentiated functions to differentiated cells, and apoptotic functions to apoptotic cells (14) .
Many studies have used Cys precursors to investigate functions of GSH in redox signaling. The observation that Cys redox is distinct from that for GSH suggests that additional investigation is warranted to separate possible effects due to supply of Cys for GSH synthesis and effects on Cys redox state. For instance, N-acetylcysteine (NAC), a precursor of Cys and GSH, protects against apoptosis. This has been interpreted to mean that enhanced cellular GSH protects against apoptosis (36, 37) . However, high concentrations of NAC can shift both the GSH/GSSG and Cys/CySS redox states. Indeed, studies with N-acetyl-D-cysteine, a thiol compound with the same chemical redox properties of NAC but that is not a precursor for GSH synthesis, showed that GSH synthesis was not needed for protection because the nonphysiologic D isomer showed comparable protection (38) . Thus, although many of the effects of NAC and other Cys precursors are likely to be mediated by GSH, some may be due to effects on Cys or Cys/CySS redox.
In summary, the present results show that the redox state of the cellular Cys/CySS couple is considerably more oxidized than that for the GSH/GSSG couple and varies independently of the GSH/GSSG couple. Together, with recent findings that the redox state of Trx1 varies independently of that for the GSH/GSSG couple, and that the GSH/GSSG redox varies according to cellular growth conditions, the results indicate that a Cys/CySS node must now be added to the Trx1 and GSH/GSSG nodes in the thiol-disulfide redox circuitry of cells. The third node provides additional connections to a limited number of oxidases or peroxidases for the expansion of a dynamic redox network. However, it is the qualitative implications of this nodal expansion that should provide new ways of thinking about how redox signaling events regulate physiologically relevant processes. 
a Experiment 1 compared two analytical approaches to measure thiols and disulfides. The first (IAA) used perchloric acid extraction followed by derivatization with iodoacetic acid and dansyl chloride and separation by HPLC. The second (BMPA) used a methanol extraction, derivatization with N-β-maleimidopropionic acid (BMPA) and dansyl chloride, and separation by HPLC. No significant differences were observed. b Experiment 2 compared repeated washes with phosphate-buffered saline. No significant differences were observed. Cells were cultured in McCoy's Cys-free medium for 2 days, treated with 100 µM Cys or 50 µM CySS for the times indicated, and then analyzed by HPLC for Cys (top panel) and CySS (middle panel) contents. Cellular redox state (E h ) values (bottom panel) were calculated using the Nernst equation and are plotted along with similarly determined values for redox state of the GSH/GSSG couple. No significant differences for E h for Cys/CySS were detected, but E h for GSH/GSSG at 0 h was significantly different from controls maintained in the Cys-containing culture medium and from cells at 1, 2, or 5 h after readdition of Cys or CySS. 6 ) can occur via combinations of opposing reduction and oxidation reactions. In this scheme, electron flow is from the most reduced component (NADPH) on the top to electron acceptors on the bottom. Reduction is driven by well-characterized NADPH-dependent reductases, thioredoxin reductase 1 (TR1), and glutathione disulfide reductase (GR) through redox control nodes represented by Trx1 and GSH. The Trx1 and GSH are located schematically according to respective measured steady-state redox values, given in the scale on the left. Oxidation of signaling proteins can occur by reactive oxygen species (ROS) or by O 2 catalyzed by sulfhydryl oxidases (SO). The present study shows that the Cys/CySS couple can provide a third thiol/disulfide node for cellular redox signaling in which oxidation can occur without direct coupling to ROS or O 2 . Oxidation of Cys/CySS occurs extracellularly catalyzed by a membranal thiol oxidase (TO) (7) . Redox circuits for proteins of classes 1 and 2 include Trx1 as the reducing node and ROS or O 2 as the oxidant, respectively. Redox circuits for proteins of classes 4 and 5 depend on GSH as the reductant and ROS or O 2 as the oxidant. Circuits for proteins of classes 3 and 6 depend on Trx1 and GSH for reduction and are coupled to Cys redox state for oxidation. Because GSH redox state changes as a function of cell growth, proteins with intermediate E o values (6a and 6b) could be differentially regulated by the change in GSH/GSSG redox state during cell growth and differentiation.
